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Abstract 
Studies devoted to understand the mechanical behavior of Composite Metal Foams (CMFs) have revealed superior energy 
absorption capacity under quasi-static loading. Accordingly, CMF is a great nominee to replace currently used materials in 
vehicles crash energy management system.  However, in order to utilize the full capacity of CMF under impact loading, 
understanding its high strain rate behavior is needed. This paper seeks to investigate the strain rate sensitivity of CMF by 
conducting Split Hopkinson Pressure Bar experiments. The test samples were manufactured using powder metallurgy technique 
and the role of loading rate and sample size was studied. The obtained results shows high rate dependency of the stress-strain 
behavior and an improvement in energy absorption capacity under impact loading. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Scientific Committee of North Carolina State University.  
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1. Introduction 
There has always been a high consumer demand for safer transportation in both railed and wheeled vehicles. This 
encourages the designers to utilize new advanced materials for improving the absorption of collusion forces.  One 
recently developed materials is Composite Metal Foam (CMF) that has shown to have a high energy absorption 
capacity (Rabiei and Vendra (2009)). CMF is categorized as a closed cell metal foam, but with a uniform cellular 
structure (Rabiei and O’Neill (2005), Vendra and Rabiei (2007), Neville and Rabiei (2008)). 
Metallic foams are known for their energy absorption capabilities (Olurin et al. (2000), Bastawros et al. (2000), 
Ramamurty and Paul (2004), Shen et al. (2010)). However, suffering from low strength, their application in the 
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automotive industry is limited to filling the crash boxes in vehicles’ crash energy management systems for 
preventing buckling and providing uniform compression (Seitzberger et al. (2000)). Hence, there is always a need 
for another material to fulfill the structural needs and strengthen the impact absorption components in those vehicles. 
CMF, in contrast, can absorb relatively higher amount of energy while also having structural capabilities (Rabiei and 
Vendra (2009)). This unique characteristic is due to its uniform and isotropic cellular structure constructed by 
embedding metallic hollow spheres into a metallic matrix using either casting or powder metallurgy techniques. 
Unlike the regular metal foams, the nearly uniform closed cell foam made in this way does not experience premature 
failure as a consequence of collapse bands formation at non-uniform regions of the material. However, just similar to 
other types, it can deform extensively but at extremely higher and nearly constant plateau stress level. As a result, 
the area under stress-strain curve and the amount of energy absorbed at particular strain level is considerably higher 
(Rabiei and Vendra (2009)). 
Mechanical behavior of CMF under variety of static and cyclic loading conditions has been investigated 
comprehensively (Vendra et al. (2009), Brown et al. (2010), Vendra et al. (2011), Rabiei and Garcia-Avila (2012)). 
However, its behavior under higher loading rates has yet to be discovered. The current work is a part of a project 
which aims to investigate the crashing behavior of CMF under high impact speeds. Reported in this paper includes 
results obtained from series of quasi-static compression test and high speed experiments up to 30 m/s (70 mph; equal 
to speed at which regular cars travel). Split Hopkinson Pressure Bar was employed and dynamic compression of two 
sizes of CMF samples was studied. 
2. Experimental approach 
2.1. Materials and Processing 
Test samples used are steel-steel composite metal foams manufactured using powder metallurgy (PM) technique. 
Detailed procedure is provided elsewhere (Neville and Rabiei (2008), Rabiei and Garcia-Avila (2012)). Unlike  the 
previously produced samples, instead of single modal powder with particle size of 44 Sm, bi-modal powder with 
two different particle sizes of 149 Sm (75%) and 44 Sm (25%) was used. The sintering powder is 316L stainless 
steel produced by North American Hoganas High Alloys LLC. 
The stainless steel hollow spheres were provided by Hollomet GmbH at Germany and have outer diameter of 
2.07 (±0.05) mm, wall thickness of 89.8 (±8.89) Sm and wall porosity of 3.4%. While the carbon content in 
previously used hollow spheres was about 0.17%, it is 0.68% for the new ones. 
After sintering of the cylindrical samples, their outer surface was machined using a center lathe to make two 
batches of samples with diameters of 22.86 mm (which is called 1” sample) and 14.6 mm (called 5/8” sample). The 
samples were then cut using Buehler Isomet equipped with wafering blade at constant cutting speed of 3000 rpm 
and blade feed rate of 2.54 mm/min. The cutting size was selected so as to maintain diameter over length ratio of 
0.8. The samples are shown in Fig. 1. It should be noted that since the cut is not through the center of the spheres, 
their diameter and wall thickness do not appear as their real size in all spheres. 
Test samples selected for microstructural observation were then grinded and polished progressively using 180-
1200 grit papers and 3 μm diamond slurry on a Buehler AutoMet 2 Power Head grinding and polishing stations at 
150 rpm. 
 
Fig. 1. CMF test samples; 1” sample on the right and 5/8” sample on the left. 
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Fig. 2. Schematic illustration of Split Hopkinson Pressure Bar. 
 
2.2. Quasi static and Dynamic Testing  
Quasi static compression tests were performed using MTS servo-hydraulic universal testing machine at loading 
rate of 1.25 mm/min (2×10-5 m/s). Dynamic compression tests were conducted using Split Hopkinson Pressure Bar 
(SHPB) apparatus at three different loading rates of 13, 22 and 30 m/s. As it is shown in Fig. 2, SHBP consists of a 
striker bar, incident bar and transmitted bar. A gas gun fires the striker bar and accelerates it to hit the incident bar. 
The stress wave generated as a result of this impact travels into the test sample through the incident bar. Then it 
breaks down into two waves. One reflects back from the sample to the incident bar and the other one crosses the 
sample and transmits into the transmitted bar while deforming the sample. Pressure of the gas gun along with 
dimensions and material of the striker bar are the main factors that control the impact speed. High speed camera was 
used to capture the impact of striker bar to the sample. 
3. Results and discussion 
3.1. Bi-modal vs. single-modal matrix 
Unlike previous CMF samples in which single-modal matrix powder was used (Neville and Rabiei (2008)), in 
current study, bi-modal matrix powder with two particle sizes of 44 and 149 Sm is used. Digital images taken by 
optical microscope (Fig. 3) provide a comparison of the matrix porosity between single-modal and bi-modal 
matrices. The average porosity in the matrix was measured using image processing to be 23% and 21% for single-
modal and bi-modal matrices, respectively. The difference in the porosity of the matrix and spheres walls is 
translated into a difference in the relative density of the foam. The average density of the newly produced CMF is 
around 2.81 gr/cm3 while the average density of the previous CMF was around 2.95 gr/cm3 (Neville and Rabiei 
(2008)).  
The Stress (normalized by density) vs. strain behavior of single-modal and bi-modal matrix shown in Fig. 4, 
reveals that despite its lower density, newly produced CMF exhibit a little higher plateau strength. While the bi-
modal matrix has lower modulus of elasticity as a consequence of higher porosity in the matrix, its yield strength is 
slightly greater due to the high carbon content in the sphere walls. 
 
 
 
Fig. 3. Close-up view of (a) single-modal matrix and (b) bi-modal matrix of steel-steel CMF made by PM. 
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Fig. 4. Normalized stress-strain behavior of CMF samples with bi-modal matrix vs. those with single-modal matrix. 
 
3.2. Dynamic behavior 
Results for quasi static and dynamic compression tests are shown in Figs. 5a and 5b for 5/8” and 1” samples, 
respectively. Three impact speeds of 13, 22 and 30 m/s (equal to about 30, 50 and 68 mph) were selected to mimic 
the speed at which regular cars travel (Tingvall and Haworth (1999)). As it can be seen, the strength of CMF 
increases by increasing the loading rate. 
This strengthening due to high speed loading is more pronounced at lower strains close to the yield point. At 
higher strains above 15-20%, the difference between the dynamic and quasi-static test results becomes smaller 
showing less strain rate sensitivity. This can be explained by considering the fact that strain rate sensitivity of closed 
cell metal foams is resulted from the pressurization and flow of air trapped inside the hollow spheres, micro-inertial 
effect, strain rate sensitivity of the parent material and shock wave propagation (Deshpande and Fleck (2000), 
Schüler et al. (2013)). 
It has been shown by Deshpande and Fleck (2000) that shock wave propagation is important only at impact 
speeds beyond 50 m/s. As the impact speeds in current study are all below 30 m/s, the shock wave propagation 
should not have a major role in high strain rate strengthening. According to Deshpande and Fleck (2000), the 
macroscopic strain rate sensitivity resulting from the strain rate sensitivity of the parent material is also negligible. 
Therefore, there are only two parameters left – air trapped inside the cells and micro-inertial effect. Deshpande and 
Fleck (2000) asserted that the air trapped inside the cells and micro-inertial effect also have a small contribution to 
the dynamic strength of metal foams. However, it should be noted that when it comes to the composite metal foam, 
the presence of metalic matrix between the cells as well as the uniformity of the structure makes it fundamentally 
different from other metal foams. Moreover, the density of the CMF is three times higher than that of the metal foam 
studied by Deshpande and 
(a) (b) 
Fig. 5. Quasi static and dynamic behavior of (a) 5/8” CMF samples and (b) 1” CMF samples. 
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Fig. 6. Energy abortion per unit volume (MJ/m3) for different loading rates at 6% strain. 
 
Fig. 7. Dynamic compression mechanism of CMF sample in SHPB. 
Fleck (2000). Having such structure and higher density intensifies the effect of air trapped inside the cells as well as 
the micro-inertia. There are also other studies in the literature that have revealed the importance of these two 
parameters (Dannemann and Lankford (2000), Tan et al. (2002)). On the other hand, the entrapped air and the 
micro-inertial effect can explain why strain rate sensitivity of CMF is only observed at small strain levels. At higher 
strain levels, the inertia effect has already overcome and the air trapped inside the spheres must have found its way 
out leaving a path for the residual air to scape under further loading. As a result no big difference is observed 
between the dynamic and quasi-static test results at higher strain levels. 
Comparison of results presented here for 5/8” and 1” samples reveals that sample size does not have a major 
effect on the strain rate sensitivity of CMF. This implies that the current data can be used to predict the behavior of 
larger actual size structural members under loading. 
The amount of energy absorbed during deformation of each sample is obtained by calculating the area under 
stress-strain curve and is shown in Fig. 6 for different loading rates at 6% strain. As the strength and modulus of 
elasticity go up, the energy absorption also increases with the loading rate. 
Optical images taken by high speed camera during dynamic compression of a CMF sample in SHPB at different 
strain levels are shown in Fig. 7. From outer spheres, it can be seen that CMF deforms uniformly and there is no 
localized deformation. This is the result of having uniform cell shape and size that increases the strength by 
involving the entire material in load carrying. 
4. CONCLUSION 
Split Hopkinson pressure bar is used to investigate the mechanical performance of composite metal foam samples 
under high speed impact. The obtained results show that elastic modulus, strength and energy absorption of dynamic 
loading is significantly higher than those of quasi static loading. Mechanical properties of CMF is improved by 
increasing the impact speed. This improvement is more pronounced at lower strains at which the air trapped inside 
the spheres and micro-inertial effect of the sphere wall and matrix play the major role. Comparison of the results for 
two different sample sizes reveals that there is not a connection between the dynamic behavior and sample size as 
long as there are certain numbers of cells across the diameter of the samples to avoid the edge effect. 
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